Nitric oxide (NO) is known for its diverse activities throughout biology. Among signaling qualities, NO affects cellular decisions of life and death either by turning on apoptotic pathways or by shutting them off. Although copious reports support both notions, the dichotomy of NO actions remains unsolved. Proapoptotic pathways of NO are compatible with established signaling circuits appreciated for mitochondriadependent roads of death, with some emphasis on the involvement of the tumor suppressor p53 as a target during cell death execution. Antiapoptotic actions of NO are numerous, ranging from an immediate interference with proapoptotic signaling cascades to long-lasting effects based on expression of cell protective proteins with some interest on the ability of NO-redox species to block caspases by Snitrosylation/S-nitrosation. Summarizing emerging concepts to understand p53 accumulation on the one hand while proposing inhibition of procaspase processing on the other may help to define the pro-versus antiapoptotic roles of NO.
Introduction
Nitric oxide (NO) taught us to revise traditional thinking and to incorporate new concepts of cellular communication that previously had been excluded from our pictures of biology/ medicine. It was somewhat unexpected that a small molecule being a gas was identified as the endothelium-derived relaxing factor (EDRF) 1, 2 and became a powerful intra-and intercellular messenger that touches nearly all areas of life. Endogenous NO is synthesized from L-arginine by a family of nitric oxide synthase (NOS) isoenzymes, and it is becoming evident that NOS activity is associated with human diseases and disorders. 3, 4 NO formation under inflammatory conditions influences gene expression, affects the relationship between mammalian hosts and microbial pathogens, modulates immune responses and can contribute to cell demise by affecting apoptosis.
In the past, radicals had been associated with pathophysiology; now it is being appreciated that NO is a molecule with important signaling qualities. Biological actions can often be attributed to 'reactive nitrogen intermediates' (RNI) rather than NO itself. The term RNI refers to oxidation states and adducts of the products of NOS, ranging from nitric oxide ( . NO) to nitrate (NO 3 À ) in some analogy to reactive oxygen intermediates(ROI) that encompass intermediate products when oxygen is reduced to water. It is clear that biologically significant NO redox and additive reactions include those with ROI and transition metals that in turn dictate NO chemistry. [5] [6] [7] In particular, NO + is a redox species with the ability to undergo addition or substitution reactions with nucleophiles, among others sulfur, resulting in -SÀNO (S-nitrosothiol) formation. Under cellular conditions, rather NO + carrier species such as N 2 O 3 , or an N 2 O 3 -like species as well as a Fenton-type reaction may account for protein nitrosation. [8] [9] [10] S-nitrosothiol formation is reversible and considered the phenotypic redoxbased NO-signaling mechanism. 11 These signaling pathways are cGMP-independent and appear to predominate in facilitating cytostatic, cytotoxic or protective NO effects. However, the 'classic' signaling behavior of NO, which is attributed to soluble guanylyl cyclase activation, 12 can not be neglected to explain pro-or antiapoptotic roles of NO.
Apoptosis, or programmed cell death, is a major form of cell death characterized by a series of stereotypic morphological and biochemical features. 13 To understand the role of NO, we should recapitulate that death pathways can be divided into two components, either involving mitochondria or death receptors. Death receptor activation attracts and activates procaspase-8 through interactions between the death effector domains of these two proteins. In the mitochondrial pathway, cytochrome c is released to associate in an ATP-or dATPdependent manner with apoptosis protease activating factor 1 (Apaf-1) to form a multimeric complex, known as the apoptosome, that recruits and activates procaspase-9. This is followed by activation of executioner caspases such as caspase-3 or -7. Thus, in death receptor-mediated apoptosis caspase-8 is the most apical caspase, whereas in the mitochondrial pathway this position is taken by caspase-9.
First indications on NO-evoked apoptosis appeared in 1993. 14, 15 Since then apoptosis by NO has been shown and is still being noticed in many different primary or immortalized murine or human cells. [16] [17] [18] Apparently, the threshold for a proapoptotic triggering event of NO varies considerably from one cell to another, but allows one to conclude that NO uses the mitochondrial subroute leading to cell death. Mitochondria comprise a target for NO and there is accumulating evidence that inhibition of respiration may contribute to the proapoptotic effect of NO by membrane potential reduction, transition pore opening and release of cytochrome c. 19, 20 In a cell free system containing mitochondria and nuclei, NO induced mitochondrial permeability transition and promotes apoptosis which was attenuated by permeability transition inhibitors. 21 In macrophages, nitrosothiol-evoked apoptosis is blocked by preventing mitochondrial permeability transition pore opening 22 while in neuronal cells an intracellular mitochondriaderived calcium increase, which is attenuated by cyclosporin A, may contribute to excitotoxicity. 23 There is consolidation that a caspase-3-like group (caspase-3 and -7), caspase-2 and caspase-9 are central components in a cascade triggered by NO. 24, 25 Importantly, Western blot analysis confirmed the processing of caspases, with the further notion that blocking mitochondrial permeability transition attenuated caspase activation. 26 The importance of the cellular redox balance in caspase activation was demonstrated by the finding that NO-elicited caspase activation was largely attenuated by incubating cells with iron sulfate to increase the intracellular iron content and thus to affect the chemical fate of NO. 27 Observing caspase activation under the influence of NO should not be considered as a direct impact on the zymogen-active caspase transition, but rather an indirect effect as a result of NO-evoked signal transmission.
NO evoked accumulation of p53
In 1994 it became apparent that NO, generated either via inducible NOS (iNOS) or the breakdown of NO donors, evoked p53 accumulation in murine macrophages. 28 However, accumulation of p53 should not be taken as a proof that DNA damage is involved because NO generated DNA damage only inefficient at the cellular level. 29, 30 Supporting evidence for the link between NO and p53 came from observations that macrophages derived from iNOS À/À animals failed to demonstrate nuclear p53 localization after in vivo bleomycin exposure. 31 There is some agreement that p53 is transcriptionally active based on observations that p53 is needed for NO to upregulate cell cycle regulators or proapoptotic proteins such as p21(Waf1/Cip1) or Bax 32, 33 with the further notion that Akt attenuated p53-dependent transcriptional activation and suppressed NO-elicited cell death. 34 Experiments in thymocytes from p53-null mice or in mutant p53 human lymphoblastoid cells revealed that these cells were resistant or less sensitive to NO-induced apoptosis, underscoring the notion that p53 may transmit a proapoptotic NO-response. 35, 36 Accumulated p53 reveals phosphorylation at distinct residues with serine 15 being the most prominent. 37, 38 This is in line with current concepts proposing posttranslational modification of p53 at either the N-or C-terminus to affect stability regulation in general, with serine 15 phosphorylation being a prerequisite for the transcriptional activity of p53 in particular. Studies with p53 N-terminal mutations at serines 15, 20, 33 or 37 indicated multiple and functionally overlapping phosphorylation sites to control p53 activity. Advancing studies reported that NO neither uses ataxia telangiectasia-mutated (ATM) nor the alternate reading frame (ARF) tumor suppressor protein to accumulate p53. 39 However, these findings were recently questioned by demonstrating that phosphorylation of p53 at serine 15 is ATM and ATM-and Rad3-related (ATR)-dependent but p38-and DNA-PK-independent based on studies in isogenic human cell lines and MEFs from gene knockout (ATM À/À ) mice, although mechanisms of ATM/ATR activation by NO remained unknown. 40 In addition, a transient and reversible downregulation of Mdm2 by NO is claimed to contribute to the activation of p53. 39 More recent studies confirmed p53 stabilization under the impact of NO, accumulation of a transcriptionally active, serine 15-phosphorylated p53, with predominant nuclear localization. 41 However, stabilized p53, which is phosphorylated at serine 15, still bound its negative regulator Mdm2 and Mdm2-evoked polyubiquitination of p53 remained intact. Cell fractioning and heterokaryon analysis suggested that NO, in some analogy to leptomycin B, prevents nuclear-cytoplasmic shuttling of p53, which may result in nuclear protein stabilization/activation. Phosphorylation of p53 not only affects transcriptional activation of p53 but is also considered a master regulator of p53/Mdm2 complex formation. Based on in vitro experiments, it is predicted that phosphorylation of p53 at serine 15 is incompatible with p53/ Mdm2 interactions, thus facilitating protein dissociation with concomitant p53 stabilization. 42 However, based on luciferase assay and in vitro interaction studies, Dumaz and Meek 43 noticed that serine 15 modification of p53 alone did not dissociate p53 from Mdm2, although modification of serine 15 stimulates the transcriptional activity of the tumor suppressor. This situation is reflected when NO treatment of NIH 3T3 fibroblasts or human RKO cells left the p53/Mdm2 complex formation intact, allowed serine 15 phosphorylation of p53 and provoked p53-luciferase activity. 41 Compatible with an intact p53/Mdm2 interaction is an unaltered ubiquitination pattern of either exogenous HA-tagged or endogenous p53 under NO treatment. The recent report that an initial, however transient, drop in Mdm2 accounts for early accumulation of p53 in response to NO, whereas in a second phase p53 remained stabilized although Mdm2 increases above controls because of transactivation of the mdm2 gene, 39 is consistent with showing increased Mdm2 expression and p53 stabilization under long lasting NO exposure. Whereas Wang et al. 39 noted difficulties in explaining p53 accumulation under conditions of elevated Mdm2 expression, nuclear trapping of p53 may offer an explanation. Heterokaryon analysis indeed provided evidence that NO attenuated nuclear-cytoplasmic shuttling of serine 15 phosphorylated p53. Serine 15-phosphorylation has been correlated with attenuated nuclear export, and it remains to be established whether this striking correlation accounts for a cause-effect relation.
44 Figure 1 provides a schematic description of p53 accumulation under the impact of NO.
Leptomycin B, an established blocker of p53 nuclear export, targets an active cysteine residue in CRM1 (chromosome region maintenance 1), which blocks formation of the export protein complex. A similar mechanism may apply for NO as well, considering the ability of NO-redox species to nitrosylate thiol groups. Results on nuclear trapping of p53 are consistent with the findings by M Oren that NO can increase the nuclear import and retention of p53 in neuroblastoma cell lines in which p53 is cytoplasmatic. 45 Phosphorylation and transactivation of p53 were also identified in cells cocultured with NOreleasing macrophages and in ulcerative colitis where iNOS expression positively correlated with p53 serine 15 phosphorylation. This highlights a role of NO in the induction of cellular stress and activation of a p53 response pathway during chronic inflammation. 40 There is some interest in the ability of NO to activate kinases in general and to correlate this to cell survival decisions. NO activates all members of the MAPK pathway such as JNK (c-Jun N-terminal kinase), p38-kinase and ERK1/2 (extracellular regulated kinases). 46 A gross simplification implies that p38 and/or JNK activation conveys a proapoptotic NO signal that will provoke p53 accumulation, caspase activation and cell dissolution. [47] [48] [49] [50] [51] [52] Besides, protein kinase C modulates NO-elicited cell death. 53, 54 Unfortunately, inhibition of PKC is either correlated with attenuated apoptosis or its enhancement, including p53 accumulation, in the case of PKCa or PKC-z inhibition, while PKC-e may promote NOinduced damage to colonic mucosal cells. 55 One may conclude that kinases represent an attractive target for NO that allows one to initiate a proapoptotic signal and to contribute to phosphorylation and/or activation of p53. However, signaling networks make it difficult, if not impossible, to predict causation and to unequivocally position distinct kinases or phosphoproteins in the apoptotic cascade. Furthermore, molecular mechanisms of kinase activation by NO need clarification. Accumulation of p53 by NO allows one to add NO to an established list of proapoptotic and/or cellcycle regulatory compounds.
Considering that the p53 response is not eminent in all cells, alternative pathways may operate. One suggestion is the expression of CHOP (also known as GADD153; growth arrest and DNA-damage inducible gene), a transcription factor known to respond to endoplasmic reticulum stress. 29, 56, 57 CHOP induction preceded cytochrome c release from mitochondria and NO-evoked apoptosis was prevented by a CHOP dominant negative form. This pathway may account for p53-independent routes of cell death.
The NO-caspase connection in cell survival
The antiapoptotic role of NO has been addressed in several comprehensive review articles 16, 18, 19, 58, 59 covering essential mechanisms such as protection via cGMP, cell death protective protein expression or radical-radical interferences. Some interest centered around caspase inhibition by NO as a mechanism to block cell death. With new information emerging, we may revise initial concepts on S-nitrosation of active caspases with the view that NO may attenuate caspase processing.
There is unquestionable evidence that the active site of caspases can be S-nitrosated in cell free studies, which results in loss of enzyme function, while activity can be regained by an excess of reducing equivalents. 8, 60 From first reports in 1997 [61] [62] [63] [64] [65] [66] [67] [68] and many corroborating studies, it appeared highly attractive to propose that NO, while targeting the reactive cysteine residue inherent to all caspase-family members, would block apoptosis. However, from the very beginning, it was and still is difficult to explain these results in light of caspase activation in association with the proapoptotic role of NO. While many studies noticed attenuated, that is, mostly caspase-3, activity under the impact of NO, only a few examinations paid attention to the question of whether caspases actually had been cleaved and inactivation indeed resulted from post-translational modification of the active site cysteine, 69 or whether NO impaired critical steps in a pathway leading to caspase activation. Conceptionally, it is important to note that not seeing caspase activity does not necessarily imply S-nitrosation of a caspase, although this type of modification does exist, as seen with purified proteins or in a cell free system. Based on in vitro examinations, inhibition of caspases was reversible with DTT and cleavage of S-NO bonds with Hg 2+ followed by the subsequent determination of nitrite/nitrate as NO-oxidation products, implied S-nitosation. 69 As expected, all caspase family members showed a similar behavior, with some variations in the amount of NO being incorporated, which ranged from 1 to 2 mol NO per mole of caspase. When analyzing S-nitrosation of caspase-3 by electrospray ionization mass spectrometry (ESI-MS), multiple relative mass increases of 3071 Da in both the p12 (small) and p17 (large) subunits of caspase-3 were detected, indicating single to triple S-nitrosation (poly S-nitrosation) of caspase-3. 70 In addition, a significant portion of unmodified protein was enzymatically inactive, most likely caused by in vitro oxidation of critical thiols. One may conclude that (i) calculating the amount of S-NO bonds needs to consider any contribution of poly S-nitrosation recalculated to the amount of unmodified and/or oxidized thiol groups and (ii) S-nitrosation and other thiol modifications may occur simultaneously at the same protein. Along that line, S-nitroso bonds can be cleaved with release of NO and partial formation of protein mixed disulfides with glutathione, detected by a relative mass increase of 306 Da. This is in line with observations on the modification of transcription factors such as AP-1 where NOinduced S-glutathionylation, which occurs under reductive conditions (GSH/GSSG ratios >100), involves intermediate formation of S-nitrosoglutathione. 71 It comes to the important question of whether changes seen in vitro are reflected under more complex, that is, cellular, conditions. Assuming that NO attenuates active caspases by S-nitrosation or oxidation in intact cells, one would assume that enzyme activity can be restored in vitro (breaking up the cells, measuring caspase activity in the cytosol) by an excess of DTT. However, this is not the case, or was only marginally effective. 27 Unfortunately, an essential control experiment, that is, dithiothreitol reversibility in combination with Western analysis of cleaved versus noncleaved caspases, is missing in many studies that dealt with inhibition of caspase activity under NO delivery, and many authors may have imprecisely used the term caspase inhibition for conditions when caspases have not been properly processed. In some cells (e.g. human Jurkat cells) NO blocked apoptosis and caspases are not being processed to their active form. This implies that NO interferes at some point in the proapoptotic-signaling cascade by not allowing processing, that is, activation, of caspases instead of interfering directly and thus blocking enzyme activity. 72 Whether S-nitrosation of procaspases, which has recently been demonstrated for caspase-9, is involved or whether assembly of the apoptosome is attenuated remains to be shown. 73 The emerging picture of blocking caspase processing instead of directly interfering with enzyme activity is in line with observations that oxidative stress transiently reduces caspase activity only after the enzymes were activated whereas oxidative stress was not inhibitory for unprocessed caspases. 74, 75 Experiments in Jurkat cells suggest that NO attenuates apoptosis by inhibiting the Apaf-1/ caspase-9 apoptosome assembly and promoted formation of the inactive B1.4 MDa apoptosome complex, rather than the active B700 kDa complex. 72 Confirming inhibition of caspases in Fas-stimulated cells as a result of NO addition, it was surprising, however, that DTT did not restore caspase activity, ruling out S-nitrosation or oxidation as the sole underlying inhibitory mechanism. Western analysis indicated instead that NO inhibited the processing/activation of caspase-9, in addition to inhibiting the activity of some processed caspase-3. In hepatocytes, SNAP was reported to suppress the processing of caspase-8 in response to TNF-a/actinomycin D. 76 However, given that hepatocytes are type II cells, it is unclear whether NO inhibited receptor-mediated activation of caspase-8 at the DISC or caspase-3-mediated processing of caspase-8, downstream of cytochrome c release and activation of the apoptosome. Examinations in different cells showed that NO treatment still allowed cytochrome c release although capase 3 was not activated, which pointed to some interference of NO downstream of mitochondria. 27, 72, 77 Results from the Apaf-1/caspase-9 coprecipitation, GST pull-down, and Apaf-1 oligomerization assays suggest that NO may affect the recruitment of caspase-9 to the apoptosome complex by indirectly interfering with CARD-CARD interactions. 72 Considering that the apoptosome assembly, in general, and CARD/CARD interactions, in particular, are proposed targets for antiapoptotic heat-shock proteins, it is interesting that NO appears to function in a similar way. 78, 79 Basic consideration of caspase modification/post-translational modification are summarized in Figure 2 . Apoptosome assembly and DISC formation possess similar features, 80 and thus NO could potentially interfere with caspase activation at both sites.
It can be concluded that inhibition of apoptosis as a result of NO generation is mechanistically not restricted to S-nitrosylation of active caspases, rather being compatible with limited caspase processing. In the case of caspase-3 or caspase-9, modification of proenzymes by NO has been demonstrated. 73, 77 Considering that Fas induces caspase denitrosylation, 73 it appears unlikely that procaspase S-nitrosylation accounts for an attenuated caspase response seen under the impact of NO. Attenuating caspase processing rather than blocking caspase activity may resolve some of the controversy on NO in promoting or antagonizing caspase activity. Assuming that apoptosome and/or DISC formation with subsequent caspase processing is subjected to regulation by multiple proteins in a cell-type-specific manner allows one to rationalize a negative impact of NO in some, but not all cells, depending on the expression of these regulatory proteins. This may allow one to understand caspase activation under the impact of NO if caspase processing rather than caspase activity is subjected to the sphere of NO action.
Concluding remarks
Unfortunately, there is no simple answer on our picture of NO in affecting cell death. In some cases NO turns apoptosis 'on', but in other cases there in 'no' apoptosis with NO. It is accepted that RNI are produced in both nontoxic (signaling) and toxic formats and signaling qualities of NO as a direct Once an active enzyme is produced, it is subjected to (poly)-S-nitrosation, intramolecular oxidation (-S-S-) or mixed disulfide formation (-S-SG), all of which may attenuate caspase activity and thereby block substrate cleavage effector and regulator of other denominators emerged. This allows one to rationalize individual pro-or antiapoptotic actions, but fails to delivery a unifying and predictive concept on NO signaling. Regulation of apoptosis occurs at multiple levels in three-dimensional signal transduction pathways and many different incoming signals as well as intracellular set points regulate the initiation of apoptosis or its inhibition. This complexity is cell specific and determines the reactivity towards NO. It can be predicted that our knowledge on the role of NO in affecting cell demise will substantially increase when we understand how an NO-sensitive cell can be shifted towards an insensitive one and vice versa. The plethora of variables and the inherent complexity of NO biology hinder present efforts to define a simple role of NO in apoptosis. Along the road new information will appear and refine current concepts on p53 accumulation and caspase processing, and at the very end (nobody knows when it will be) we hopefully will answer the precise role of NO in cell survival decisions.
